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The Interest is Intense !

ÅThe world summary of 0vbb 
from 1 kg to 1 kton

ÅFrom ongoing to proposed

ÅCǊƻƳ άŎƻƴǾŜƴǘƛƻƴŀƭέ ǘƻ 
άǊŜǾƻƭǳǘƛƻƴŀǊȅέ

But, we need to focus on 3 
candidates ready for major 
funding with US leadership



The Science  Case Χ 

¸ƻǳΩǾŜ Ƨǳǎǘ ƘŜŀǊŘ ŜƴƻǳƎƘ ƳƻǘƛǾŀǘƛƻƴΣ ǎƻ ƭŜǘΩǎ ƎŜǘ Řƻǿƴ ǘƻ ōǳǎƛƴŜǎǎ ǘƻ 
learn how 3 teams plan to find out if 0nbboccurs at a sensitivity level 
recommended by the last LRP and NSAC Subcommittee report. 



!ŘǾŀƴŎŜŘ ά¢ŀƪŜŀǿŀȅ aŜǎǎŀƎŜέ ŦǊƻƳ ǘƘƛǎ ǘŀƭƪΥ
ÅFor reference, I poured through review articles / collaboration provided slides / previous NSAC 
ǊŜǇƻǊǘǎΣ ǘƘŜ [wtΣ ǘƘŜ ǊŜŎŜƴǘƭȅ ǇǊƻǾƛŘŜŘ tƻǊǘŦƻƭƛƻ wŜǾƛŜǿΣ ŀƴŘ ǘƘŜ άƧǳǎǘ ƛƴ ǘƛƳŜέ ²ƘƛǘŜǇŀǇŜǊ 

Å3 experiments are essentially ready for deployment and are designed for discovery at arguably a 
similarly range of sensitivity to mbbjust below the inverted hierarchy
ÅThis meets the charge that NSAC set as a goal

ÅUncertainty exists in the NMEs ςdespite significant progress! But, we will have 15+ years to work 
on them while experiments are built and collecting data; this, a work in progress.  

ÅIdeallyΣ ǿŜ ŀŘǾƻŎŀǘŜ ŀƴŘ ƘŜƭǇ ƭŀǳƴŎƘ ŀƴ ƛƴǘŜǊƴŀǘƛƻƴŀƭ άSuite of Sensitivityέ ōȅ ǎǳǇǇƻǊǘƛƴƎ ŀƭƭ о 
efforts and future R&D.  Our community must coherently present this case and support DOE & 
NSF and their many international counterparts in forming MOUs to this effect.

ÅMultiple & complementary approaches are the norm in big physics quests 
ÅATLAS / CMS / LHCb@LHC; 

ÅBoth LEP and SLC were built to study EW physics and UA1 and UA2 to find the W   

Å2+ LIGOsto detect gravitational waves and BH and NS mergers

ÅFrom a personal experience, note that confirmation of the BNL muon g-2 hint of new physics came 20 years later 
with a new experiment. Ugh.



How did we get to where we are now?

ÅNSAC Subcommittee evaluations and recommendations

ÅNSAC 2015 Long Range Plan (the process we are now in)

ÅSustained funding* ƻŦ άŘŜƳƻƴǎǘǊŀǘƻǊέ Ŏƭŀǎǎ ŜȄǇŜǊƛƳŜƴǘǎ ǘƻ ǎŜŀǊŎƘ 
in the higher mbbregion and develop and validate designs that can 
reach the full inverted hierarchy at 3 sάŘƛǎŎƻǾŜǊȅέ ǎŜƴǎƛǘƛǾƛǘȅ

ÅInitiated focused Theory efforts, especially on NME values

ÅThe 2021 Portfolio Review
Å9Ǿŀƭǳŀǘƛƻƴ ƻŦ ŀ άtǊƻƎǊŀƳέ ǿƛǘƘ ŘƛŦŦŜǊŜƴǘ ǎǘǊŀǘŜƎƛŜǎ ǘƘŀǘ ƻǇǘƛƳƛȊŜǎ 

the probability of success. (exptsand theory)

ÅUnderstanding Neutrino Mass through Neutrinoless Double 
Beta Decay (White Paper to this meeting)

*Not always at levels desired!



NSAC 2014  Report on Neutrinoless Double Beta Decay

ÅExamined status and prospects for
ÅEXO-200, Majorana Demonstrator, CUORE, SNO+, KamLAND-Zen, NEXT, and SuperNEMO
Å/ƻƴŎƭǳŘƛƴƎ ǘƘŀǘΣ άEach has technical advantages and each has significant remaining 

challenges to demonstrate sensitivity at a level suitable for covering the inverted neutrino 
mass hierarchy regionΦέ

Å¢ƘŜ {ǳōŎƻƳƳƛǘǘŜŜ ǊŜŎƻƳƳŜƴŘǎΧ 
Åthat the άcurrent generationέ ŜȄǇŜǊƛƳŜƴǘǎ ŎƻƴǘƛƴǳŜ ǘƻ ōŜ ǎǳǇǇƻǊǘŜŘ ŀƴŘ ǘƘŀǘ ǘƘŜ 

collaborations continue to work to resolve remaining R&D issues in preparation for 
ŎƻƴǎƛŘŜǊŀǘƛƻƴ ƻŦ ŀ ŦǳǘǳǊŜ άsecond generationέ ŜȄǇŜǊƛƳŜƴǘΦ 
Åthat, New techniques that offer promise for dramatic reductions in background levels 

should also be supported. [ See next talk by Gabriel]
Åestablishing a theory task force that aims at: [ think Topical Collaboration ]

1. developing criteria to establish and rank the quality of existing and future calculations, 
2. identifying methods to constrain the less tested assumptions in existing approaches.



The NSAC 2014  Report gave guidance on what was needed:

1. Discovery potential: Favor approaches that have a credible path toward reaching 3ˋ 
sensitivity to the effective Majorana neutrino mass parameter mʲ=̡15 meVwithin 10 
years of counting, assuming the lower matrix element values among viable nuclear 
structure model calculations. 

2. Staging: Given the risks and level of resources required, support for one or more 
intermediate stages along the maximum discovery potential path may be the optimal 
approach. [ DH: of course, this depends on if that is practical or not ]

3. Standard of proof: Each next-generation experiment worldwide must be capable of 
providing, on its own, compelling evidence of the validity of a possible non-null signal. 

4. Continuing R&D: The demands on background reduction are so stringent that modest 
scope demonstration projects for promising new approaches to background suppression 
or sensitivity enhancement should be pursued with high priority, in parallel with or in 
combination with ongoing NLDBD searches. 

5. International Collaboration: Given the desirability of establishing a signal in multiple 
isotopes and the likely cost of these experiments, it is important to coordinate with 
other countries and funding agencies to develop an international approach. 

6. Timeliness: It is desirable to push for results from at least the first stage of a next-
generation effort on time scales competitive with other international double beta decay 
efforts and with independent experiments aiming to pin down the neutrino mass 
hierarchy. 



Next up: The 2015LRP
RECOMMENDATION II:
The excess of matter over antimatter in the universe is one of the most compelling 
mysteries in all of science. The observation of neutrinoless double beta-decay innuclei 
would immediately demonstrate that neutrinos are their own antiparticles, and would have 
profound implications for our understanding of the matter-antimatter mystery. 

We recommend thetimely development and 
deployment of a U.S.-led ton-scale neutrinoless 
doublebeta decay experiment.

Aton-scale instrument designed to search for this as-yet unseen nuclear decaywill provide 
the most powerful test of the particle-antiparticle nature ofneutrinos ever performed. With 
recent experimental breakthroughs pioneered by U.S. physicists, and theavailability of deep 

underground laboratories, we are poisedto make a major 
discovery.
This recommendation flows out of the targeted investments of the third bullet in 

Recommendation I.It must be part of a broader program that
includes U.S. participation in complementary 
experimental efforts leveraging international investments 
together with enhanced theoretical efforts to enable full 
realization of this opportunity.

MajoranaCUORE

EXO-200



¢ƘŜ ŦǳƴŘŀƳŜƴǘŀƭ Ǝƻŀƭ ŀƴŘ ǘƘŜ άǊŀǘŜέ Ŝǉǳŀǘƛƻƴǎ

Phase-space integral 
(higher Q is better)

Axial-vector coupling = ~1.276

Nuclear matrix element
(large uncertainties)

Effective Majorana mass

This is the Physics Metric that matters
όƛǘ ǿƛƭƭ ōŜ άŀŎƘƛŜǾŜŘέ ǘƘǊƻǳƎƘ ŘƛŦŦŜǊŜƴǘ ǎǘǊŀǘŜƎƛŜǎύ

[ Note:  just as reasonable a metric for other physics mechanisms comparisons]

The experiments 
are all aiming at 
this sensitivity level



All of the experimentsare based on calorimetry of the bb
summed KE at the Qbbcorresponding to their chosen isotope

ROI

BUT, that hardly captures it.  

It is really all about optimizing resolution and signal isoloation
όǊŜŘǳŎƛƴƎ ōŀŎƪƎǊƻǳƴŘǎύ άƛƴ ǘƘŜ whLέΣ ǿƘƛƭŜ ǎǘƛƭƭ ŀŎǉǳƛǊƛƴƎ ŜƴƻǳƎƘ 
events to get a significant signal in a 10-year exposure.

Common aspects are well known:
Å Deep underground to avoid cosmic rays
Å Ultra radio-pure materials
Å/ƭŜǾŜǊ ŀƴŀƭȅǎƛǎ ƳŜǘƘƻŘǎ ǘƻ ǊŜƧŜŎǘ άƭƻƻƪ-a-ƭƛƪŜέ ǎƛƎƴŀƭǎ ŦǊƻƳ ƴƻƴ 

0vbb sources
Å!ƴŘ ǎƻ ƻƴ Χ

Examplefrom final MJD paper



Different paths to reach mbbbelow the IO
9ŀŎƘ ŜȄǇŜǊƛƳŜƴǘ άƎŜǘǎ ǘƘŜǊŜέ ǿƛǘƘ ǎƛƳƛƭŀǊ ǎŜƴǎƛǘƛǾƛǘȅ  ƎƻŀƭǎΣ ŜǎǇŜŎƛŀƭƭȅ ƎƛǾŜƴ ǘƘŜ ƭƻƴƎ 
ǇǊƻƧŜŎǘƛƻƴ ǘƛƳŜǎ ŦǊƻƳ ƴƻǿ ǘƻ ǘƘŜ άмл ȅŜŀǊέ Ǌǳƴǎ ŀƴŘ ba9 ǳƴŎŜǊǘŀƛƴǘƛŜǎΣ but notice the 
T1/2 factors vary a lot because of isotope differences and background assumptions
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оˋ ŘƛǎŎƻǾŜǊȅ ǎŜƴǎƛǘƛǾƛǘȅ ƛƴ ǘŜǊƳǎ ƻŦ mʲ.̡ 
(Smaller mʲ i̡ndicate is better)

Different NME 
calculations

Note:  In all cases, > ~10 fold improvements to below Inverted Ordering 



Comparison of approaches and isotope characteristics 
Experiment CUPID nEXO LEGEND

Isotope 100-Mo 136-Xe 76-Ge

3 sdiscovery mbb(10 yrs) <18meV <18meV <18meV

Qbb 3034 keV 2458 keV 2039 keV

Res.Goalat Qbb(FWHM) 0.16%  [5 keV] 1.9% [47 keV] 0.12% [ 2.4 keV]

Backgroundindex:
Bkgin 1 FWHM in 10 T·yr:

10-4 /keV*kg*yr
Net: ~2.2 cts in FWHM

(seefootnote)
Net: 3.2 cts in FWHM **

~10-5 /keV*kg*yr
Net: 0.25 cts in FWHM 

ά{ǇŜŎƛŦƛŎtƘŀǎŜ {ǇŀŎŜέ I0n* 254.5 171.4 49.6

NME range per white paper Ask Jon Engel Ask Jon Engel Ask Jon Engel

Isotope Mass (total mass) 240 kg (totmass 450 kg) 4500 kg (totmass 5000kg) 975 kg (~1150kg)

Basic technique High res bolometers with 
heatand light to reject bkg

TPC with ionization and light 
to pinpoint decay coordinate

high-resolution Ge xtals; bkg
reject by pulse and LArveto

άtǊƻǳŘέ ŦŜŀǘǳǊŜLarge Qbbabove natural g
bkgds; arejection from dual 
readout; needs least mass to 
achieve goal; Cryovessel

Combination of high 
exposure/ self shielding+ 
multivariate analysis to
isolate signal from bkg. 

Near-zerobkgdemonstrated 
and best resolution; 
intermediate 200 kg phase 
started to demonstrate plans

Å Activity per unit mass; See:  Robertson Mod.Phys.Lett.A28(2013)1350021
Å ** nEXOǇǊƻǾƛŘŜǎ ŀ άōŀŎƪƎǊƻǳƴŘ ƛƴŘŜȄέ ŦƻǊ ŀƴ ŜǉǳƛǾŀƭŜƴǘƭȅ ǎŜƴǎƛǘƛǾŜ ŎƻǳƴǘƛƴƎ ŜȄǇŜǊƛƳŜƴǘ ƛƴ ŦƛŘǳŎƛŀƭ ǾƻƭǳƳŜ



άΧ ǘƘŜǊŜ ƛǎ ƭƛǘǘƭŜ ŜǾƛŘŜƴŎŜ ƻƴ ǘƘŜƻǊŜǘƛŎŀƭ ƎǊƻǳƴŘǎ ǘƻ ŦŀǾƻǊ ƻǊ ŘƛǎŦŀǾƻǊ ǘƘŜ ŎƘƻƛŎŜ ƻŦ ƻƴŜ ƛǎƻǘƻǇŜ ƻǾŜǊ ŀƴƻǘƘŜǊΦ !ƭƭ Χ 
have the same sensitivity to 0bb decay per unit mass. 

ά ŀ ǎǘǊƛƪƛƴƎ ƛƴǾŜǊǎŜ ŎƻǊǊŜƭŀǘƛƻƴ ōŜǘǿŜŜƴ ǘƘŜ ǇƘŀǎŜ-space available and the size of the nuclear matrix element.

Robertson Mod.Phys.Lett.A28(2013)1350021

From left to right:  136-Xe, 76-Ge, 100-Mo



A few slides for each experiment
!ƭƭ ŀǊŜ ŘŜǾŜƭƻǇŜŘ ŦǊƻƳ ǾŀǊƛƻǳǎ ά5ŜƳƻƴǎǘǊŀǘƻǊǎέ 

L ŀƛƳ ǘƻ ǘŜƭƭ ȅƻǳ ǘƘŜƛǊ άStrategyέ ŀƴŘ Basic Design Concepts 

I will not mention challenges of obtaining needed isotopes, enrichment, or other 
acquisition related tasks.  These were all well presented at the Portfolio Review to experts 
there

Similarly, costs, project timelines, collaboration strengths, etc were also well documented 
at the review. 

I will not compare NMEs for different isotopes beyond a few generic statements



Reminder:  CUORE is running through 2024 using 
pure thermal 130Te detectors; Qbb@ 2527 keV


